A¥V¥EI1 OHYAI 0L N¥NL3Y

GGB9-1INV



LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, pl or fi of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission’’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

Printed in USA. Price $1.75. Available from the Clearinghouse for Federal
Scientific and Technical Information, National Bureau of Standards
U. S. Department of Commerce, Springfield, Virginia




ANL-6855
Chemistry
(TID-4500, 33rd Ed.)
AEC Research and
Development Report

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60440

THE CRYSTAL STRUCTURE OF DISODIUM
TETRANITRITONITROSOHYDROXYRUTHENAT E(III)
2-HYDRATE BY NEUTRON DIFFRACTION

by
M. H. Mueller
Argonne National Laboratory
and
S. H. Simonsen

The University of Texas

Metallurgy Division
Final Report - Program 4.10.22

A portion of the material in this report has appeared
in the following Metallurgy Annual Reports:

Report No. Pages Date

ANL-6330 178-179 1960
ANL-6516 279 1961
ANL-6677 304-305 1962
ANL-6868 333-334 1963

July 1964

Operated by The University of Chicago
under
Contract W-31-109-eng-38
with the
U. S. Atomic Energy Commission






ABSTRACT,. .

TABLE OF CONTENTS

TINFRRIGUBITTERTEE OISR s Gl ARG Tl o & » & &le g0 (s o) ie

EXPRRIMENEAL S o el i el paaniamaiin in s saaidns

DETERMINATION OF THE STRUCTURE . . . . . . . .o oo v oo oo

BISEUSSTON-@F THE STRUGCTURFE » - -l o - ea o et il s eoa o e s

U o

Configuration about the Ruthenium. . ., . « « . « . o o 0o v 0 v o ot
Configuration about the Sodium-=~=1 . . ; . 7 ¢ « ¢ « ¢ s - ¢ o ¢ g o e
Configuration about the Sodium-2 . ... ... Pr oo T R LT A

General Features of the Structure. . . . . . « . ¢ o ¢ o o o v v o

AT ORI PID @5 I TINRIRS 8 S5 i A e e S SR S A O

REFERENCES

10

B9

60
64
65
65

68

68



10.

1L

12.

15,

14.

1'5;

LIST OF FIGURES
ditle

Photo of Single Crystal Orienter as Positioned on the

Argonne Neutron Spectrometer LL .t oot sl ialens i ite

Distribution for Intensities of (0k4), (h0£4), and (hk0) Zones of
Disodium Tetranitritonitrosohydroxyruthenate_(III) 2-Hydrate

Compared with Theoretical Curves for lvand I 2 e e
h0f Neutron PatterSOm. « « « o « o s o o o o o ot s s o s s a o s o oo o
Bl Qe NENEron PatteriBon s i - - teti oo o o dee oS NN R o
Dl /i Nenutron PatterSon. s - o« i v s ke o oo s oshio o ohiet or el leNE

h0/ Neutron Patterson Showing Some of the Vector Distances. .

Neutron Fourier Showing Atom Positions on a 2-dimensional

ROV R0 | C Ot Ot s oriatis Ve et o e 1T =55 e e g e Bl e Sl

X-ray Fourier Showing Atom Positions on a 2-dimensional

A o e CEY OTL s forter Shesto r sl ol Sobu s, felosis aision seata et W A

Section of h0/ 3-dimensional Neutron Fourier at y=0 Showing

the Relative Location of HO-Ru-NO Groups. . . . . . . « ¢ . o oy«

Lattice Constants and Schematic Structure of

Nes R (NG NG IOHZEO e N i S8 e i (e y anE

®ctahedra Viewed Down. the - © " ARIS . i s s letasn ol iphishisl sl o S

Octahedra Viewed Down the b Axis
Configuration about the Ruthenium Atom
Configuration about the Sodium-1 Atom

Configuration about the Sodium-2 Atom

10

12

13

14

I'5

o)

56

Bit:

59

59

59

60

64

65



II.

I3,

Tv2

Vil

VII.

VIII.

IX.

LIST OF TABLES

ftile

i steabutionof Reflections for Refimement . & . oo . o oo i

Sequence of the Least-squares Refinement . . . . . . ..+ .. ..

Final Coordinates and Errors of all Atoms from Final

e st-ddquaros Resulta - - .. o i n i o g il e als b sl s et e

Final Thermal Parameters B o e R e e

J

Table of F and F for all Reflections after Final

calc obs

Least-squares Cycle Based on ABC Reflections. . . . . .. ...

Comparison of Atom Locations Based on the Fj]c

Fourier, F 5 Fourier, and the Least-squares Results

from:the BEIRefleations: fiint s 3 aas, th Jel SR S0t e s

Effect of the Missing Reflections as Indicated by a
Comparison of Atom Locations Based on an Fc5]c Fourier

with andewithout These Refilections -5 fie f i oot of L it o ik

Some Inter- and Intramolecular Bond Distances and Angles. .

RMS Radial Thermal Displacement and the RMS Component

alonpdRachvPrine ipa AR sl S i S e R e

1

1

18

58

58

61

67



o it et e Rar A

A —jamml




THE CRYSTAL STRUCTURE OF DISODIUM
TETRANITRITONITROSOHYDROXYRUTHENAT E(III)
2-HYDRATE BY NEUTRON DIFFRACTION

by

M. H. Mueller
Argonne National Laboratory

and

S. H. Simonsen¥*
The University of Texas

ABSTRACT

The crystal structure of Na,[Ru(NO,),(NO)(0OH)]-2H,0
was investigated by neutron diffraction, and the positional pa-
rameters of the heavyand light atoms were determined. The
unit cell is monoclinic: ag = 12.75; by = 14.52; co = 7.37A;
B = 121.20°. The space group is CZ/m, with 4 molecules
(100 atoms)per unit cell and systematic absences are htk =
2ntl. The structure can be considered as consisting mainly
of 6-fold coordination about three central atoms, namely, Ru,
Na,;, and Na,, forming three different kinds of octahedra.
These octahedra form an interlocking chain throughout the
structure, in which common atoms or common edges are
shared between the octahedra. The 6-fold coordination about
the ruthenium consists of four nitrogens of the nitrito groups
arranged in a square, the nitrogen of the nitroso, and the ox-
ygen of the hydroxyl group. These ruthenium octahedra are
held together by Na-O bridges involving 6-fold coordination
about the two crystallographically different sodium atoms.
Hydrogen bonding apparently is not important in this crystal.

INTRODUCTION

The general features of the stereochemistry of the coordination com-
plexes of ruthenium have been established by the structure determinations
of several compounds: (a) K4Ru2C1mO;(1) (b) KzRuC16;(2) (c) [Ru(NH;),(NO)
(oH)]CL,; (3) (d) (NH,),[RuCL,(NO)(0H)]; (4) and (e) K,[Ru(NO,),(NO)(0H)].(5)

*¥Resident Research Associate Summer of 1960 and 1962, Consultant
to the Metallurgy Division.



However, there were some details in the structure of (c) and (d), especially
the Ru-N-O bonding, that made it desirable to examine a similar type of
compound, particularly in view of the current interest in ruthenium nitrosyl
complexes. Also, all the previous structures had been solved by projections
and the more accurate bond lengths attainable from three-dimensional data
were desired. The structure of Naz[Ru(NOZ)‘*(NO)(OH)]‘ZHZO was determined
by neutron diffraction for several reasons:

(1) We wished to demonstrate the power of the neutron diffraction
method in the complete solution of a fairly complex structure, applying the
standard techniques used in X-ray determinations. No X-ray work had been
done on the compound and its structure was unknown at the start of the in-
vestigation. At a later point in the work, some X-ray zone intensity data were
collected to illustrate the difference in the X-ray and neutron Fouriers.

(2) Because ruthenium contributes so greatly to the scattering in the
case of X rays, the accuracy of the light-atom parameters is affected. In
the case of neutrons, the scattering contribution by all atoms is more nearly
equal, so that all atoms are located with about equal precision.

(3) Information concerning the role of possible hydrogen bonding

required knowledge of the hydrogen positions, attainable best by neutron
diffraction.

The preliminary results of this investigation have been reported in
the Metallurgy Division Annual Reports listed on the title page. A summary
was also presented orally at the International Union of Crystallography Sixth
International Congress held in Rome, Italy, September 9-18, 1963 and was
published in their Abstracts.(6) A paper(7) has also been prepared and sub-
mitted for publication. However, since it was not possible or planned to in-
clude in the above publications many of the important details of the
experimental technique or the listing of the final agreement between the

observed and calculated structure factors of approximately 2000 reflections,
this report has been prepared.



EXPERIMENTAL

Pollack and Wallace(8) prepared large crystals in the following way:
Sodium nitrite, slightly in excess of the stoichiometric amount, was added
to an aqueous solution of ruthenium(IV) chloride. The solution was heated
until a red color developed and was then allowed to cool slowly. The crys-
tals were large, well-formed, reddish-orange prisms.

The unit-cell dimensions were obtained conventionally from rota-
tion, Weissenberg, and precession X-ray photographs. The cell was mono-
clinic, with the following dimensions: ' a = 12,75; b = 14.52;  c = 7.37 A;
B = 121.20°. The systematic absences (h+k = 2n+ 1) indicated the possible
space groups C2, Cm, or CZ/m. The density, measured by displacement
of carbon tetrachloride, was found to be 2.29 g cm™®. The calculated den-
sity with z = 4, is 2.36 g cm™>,

A single crystal, in the form of a cube 0.46 cm on an edge, was
positioned on a GE Single Crystal Orienter mounted on Neutron Spectrom-
eter II at the Argonne CP-5 reactor, as showninFigure 1. A neutron wave-
length of 1.16 A, reflected from the (111) face of a copper single crystal,
was used. The neutron flux at the sample was approximately 10® neutrons

cm™2 sec”l.

106-5801

Fig. 1. Photo of Single Crystal Orienter as Positioned
on the Argonne Neutron Spectrometer II
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Integrated intensities were obtained by a 6-26 scan after phi and
chi angles on the orienter had been set manually. The primary beam was
monitored with a fission counter acting as the timing device for the count-
ing intervals. The scaler count and angle were printed out on a typewriter
at each interval of 0.10° 26 and the scaler reset. Integrated intensity =
(Z interval counts) - (number of intervals x average background per in-
terval). These integrated intensities were multiplied by the Lorentz cor-
rection (sin 26) to obtain F? values. No correction was made for absorption
because the transmission was high (approximately 80%) and the sample was
symmetrically shaped. A more detailed description of this instrument and
the techniques used is given in an ANL report. 9

Integrated intensities of 1359 reflections were measured: 567 more
were below the limit of measurement. Another 301 reflections were avail-
able in the sphere of reflection, but unfortunately the crystal was destroyed
accidentally before measurements were completed.

DETERMINATION OF STRUCTURE

The statistical test of Howells et a_l.(lo) was applied to the intensi-
ties of the (hk0), (h0£), and (0k£) zones, the range sin 6 = 0-0.2 being dis-
regarded. The results, shown in Figure 2, indicate the space group to be
CZ/m, also suggested by the morphology of the crystal.

701 S
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Fig. 2. Distribution for Intensities of (0k£), (h0£),
af1d (hk0) Zones of Disodium Tetranitrito-
nitrosohydroxyruthenate(IlI) 2-Hydrate

Compared with Theoretical Curves for 1
and T
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Howells, Phillips, and Rogers(lo) derived distribution functions of
intensities for noncentrosymmetric and centrosymmetric crystals, and
showed that the percentage, N(z) %, of the reflections whose intensities are
less than or equal to z (= I/< I>), a fraction of the local average intensity,
is given by:

N(Z)% =1 - exp(-z) - 100 for a noncentrosymmetric crystal, and

N(z)% = erf (Z/Z)l/2 - 100 (where erf is the error function) for a
centrosymmetric crystal.

To detect the presence of a center of symmetry, the experimental
data are compared graphically with the theoretical curves in the following
way.

Because the observed intensities fall off rapidly in <I> with in-
creasing sin 6 due to thermal motion in the case of neutron scattering,
and to thermal motion and the form factors in the case of X-ray scatter-
ing, only the intensities within a small range of sin 6 are compared. The
reflections and their intensities are arranged in order of increasing sin 6,
weighting each reflection with the appropriate multiplicity. Systematic
absences are not included, but accidental absences are given intensities of
zero and included in the tabulation. Reflections having sin 6 less than
0.200 are not used.

The reflections are divided into several groups, each group contain-
about about an equal number of reflections, and the average intensity <I>
determined for each group. The value of N(z) for z = 0.1 is obtained by
counting the number of reflections having intensities less than or equal to
0.1 <I> and dividing by the total number of reflections in the group. Values
N(0.2), N(0.3),...,N(1.0) are found in a similar way. Each group is treated
separately; the corresponding N(z) values are then averaged for plotting,
as in Figure 2 (N in Figure 2 corresponds to z).

Patterson projections, showing well-resolved peaks, were first
computed from the neutron data of the three axial zones. At the time in
1960 that these zone data were collected the Pittsburgher 2-dimensional
program 11) for the IBM-650 was the only working Fourier program avail-
able to us. The results obtained for the h0/, hk0, and Ok £ zones are
shown in Figures 3, 4, and 5, respectively. A number of the peaks in these
Patterson maps were tentatively identified, especially in h0 # projection.
Distances observed suggested that the Ru-N(NO,) vectors were not in the
h0/ plane but probably 45° to it.

Since to our knowledge the Patterson function had not been used
previously with neutron data and since the results from the sharp peaks
shown above were initially encouraging, we continued to gather data for
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a 3-dimensional Patterson. In the meantime, we obtained the Sly-Shoemaker
3-dimensional Fourier Program 12) for use with the IBM-704 computer.

As a check on its successful operation we again ran the h0/ 2-dimensional
data. The results replotted from the computer output together with some

of the vector identities as finally determined are shown in Figure 6. Some
of the shorter vectors, such as the Ru-N, N-N, and the short N-O, gave the
initial hints of the structure.

38521

Fig. 6. h0/ Neutron Patterson Showing Some of the Vector Distances

The 3-dimensional Patterson, calculated by means of above MIFRI
computer program, also suggested the space group to be CZ/rn, and subse-
quent refinements were based upon this choice. The nitrito nitrogen vec-
tors (N,-Nj vectors) were readily identified in this 3-dimensional map and
used as image points for a superposition map based on the Buerger mini-
mum function.(13) This was carried out on the IBM-704 by using the
Penfold program.(14)

The trial structure thus obtained was refined by successive "F,"
and "F_." synthesis until all atoms had been located. At this point refine-
ment was continued by use of the Busing-Levy least-squares program. 15)
To conserve computer time the reflections were divided into four groups
according to Table I, and the refinement was carried out in progressive
stages, as outlined in Table II.

Table I

DISTRIBUTION OF REFLECTIONS FOR REFINEMENT

Group Number of Reflections Sin Q/X Range
A 374 0-0.1990
B 585 0.1993-0.3764
C 400 0.3765-0.5827
D 567 Unobserved

15
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Table II

SEQUENCE OF THE LEAST-SQUARES REFINEMENT

Parameters Refined* Reféesit;“s oljuc’;gf:s Final R
17 S.F., P, Ty held constant C 6 0.364
2, S E P Ty (& 2 (e} )77
3% S H S ENE C 1
4, S B PB BC <] (8], 112)E)
5y S.F., P, Byj BC 3 0.082
6. S E SN Biyj ABC 2 0.098**

*S.F.: Scale factor

P : Positional parameters

Ty : Overall temperature parameters

B : Individual isotropic temperature parameters

Bij : Individual anisotropic

** 12 reflections obviously suffering from extinction were
excluded.

The final calculation of the structure factor, based on individual
anisotropic temperature parameters, gave an agreement index, R =

Z(| Fol - |FC|)/Z lFol , of 9.8% for the observed reflections, excluding the fol-
lowing 12 strong, low-angle reflections: (020), (040), (080), (200), (240), (202),

(242), (402), (203), (10,0,3), (605), and (404). It can be noted in Table V

that these reflections do show low observed F's relative to the calculated.

The slightly lower R of 8.2% shown in Table II for the BC reflections is

probably due to the fact that the A reflections, which have the lower value

of sin G/X, generally do suffer from some extinction, and hence their in-

clusion increases the R to the 9.8%. When all of the unobserved reflections

were included in the calculation, R = 17.7% was obtained. Some of this

increase is probably due to errors in angle settings of the unobserved re-
flection ions.

The final least-squares positional parameters from the ABC set
are given in Table III, and the anisotropic temperature parameters are
shown in Table IV. A list of observed and calculated structure factors
obtained from the final cycle based on the ABC set of reflections are
shown in Table V. It should be noted that an asterisk in front of certain
reflections in this table indicates that intensity measurements were not
obtained since they were the missing reflections referred to previously.



Table III

FINAL COORDINATES AND ERRORS* OF ALL ATOMS
FROM LEAST-SQUARES RESULTS

Atom X Y

H, 0.0449 (8) 0 0.8606 (15)
HE 0.0086 (21 0.2080 (16) 0.1811 (22)
H, 0.4631 (15 0.2190 (8) 0.2675 (29)
Ru 0.2623 (3) 0 0.0035 (5)
N, 0.4197 (3) 0 0.1892 (4)
N, 0,231 (2) 0.1002 (1) 0. L7158(3)
N, 0.2835 (2) 0.1024 (1) 0.8276 (3)
0, 0.0875 (4) 0 0.7910 (6)
(@) 0.4788 (5) 0 0.6911 (11)
O, 0.1289 (5) 0.1093 (5) 0.1420 (9)
(o 0.3147 (5) 0.1474 (4) 0.3021 (8)
Os 0.2122 (4) 0.1118 (4) 0.6391 (6)
Oy 0.3686 (7) 0.1552 (6) 0.9151 (9)
0, 0.0121 (5) 0.2304 (3) 0.3021 (8)
Na, 0.2500 0.2500 0.5000

Na, 0 0.1098 (6) 0.5000

*Standard errors (x 10%) appear in parentheses.
Table IV
FINAL THERMAL PARAMETERS Bj;

Atom By Bz Bis B2 Bis Bas
H, 0.0052 0.0109 0.0200 0 0.0070 0
H, 0.0322 0.0160 0.0336 0.0039 0.0223 0.0054
H, 0.0201 0.0046 0.0713 -0.0035 0.0162 -0.0053
Ru 0.0037 0.0021 0.0105 0 0.0034 0
N, 0.0041 0.0034 0.0136 0 0.0030 0
N, 0.0067 0.0028 0.0151 0.0004 0.0060 -0.0009
N, 0.0055 0.0027 0.0158 -0.0003 0.0055 0.0010
0, 0.0039 0.0032 0.0128 0 0.0037 0
0, 0.0044 0.0071 0.0246 0 0.0014 0
(o 0.0080 0.0080 0.0333 0.0013 0.0102 -0.0050
O, 0.0103 0.0048 0.0298 -0.0020 0.0108 -0.0063
O 0,0077 0.0056 0.0176 -0.0006 0.0041 0.0045
O 0.0167 0.0095 0.0228 -0.0092 0.0070 -0.0002
(eF 0.0124 0.0042 0.0233 0.0019 0.0105 0.0029
Na, 0.0196 0.0026 0.0449 -0.0004 0.0253 -0.0001
Na, 0.0049 0.0029 0.0251 0 0.0024 0

9
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TABLE OF F¢,1c AND Fopg FOR ALL REFLECTIONS AFTER FINAL
LEAST-SQUARES CYCLE BASED ON ABC REFLECTIONS

e Sa CBSERVED  CALCULATED 0RS-CAL
Qoo 4.522 6223 -1.700
Bhisa 602753 ~7.999 1.726
ORI A LaG 1.890 -1.759 -.131
OREEaEE 8.972 1i.705 -2.732
oRSTaE e 6.971 Tat02 -.731
(P 5. 144 5.092 .052
QRS D 2.616 -24501 -.115
B a0 .793 -.335 -.458
@ aer b 3.508 3,529 -.021
ORE2u N0 4.439 4,510 -.070
Of 20k g 2.160 1.097 1.063
Tt 1oy 0 1.899 -1.969 .070
TS0 0 2.303 -2.100 -.203
Tadisa o 2.760 ~24860 .100
doe 4.622 -5.1C9 487
qEstion o 3.036 2.800 .236
T K o 2.593 -24367 -.285
0 R .688 -.800 Gl
o050 1.888 -1.961 «073
T 7y 678 727 -.0lk
1 19 0 S0 -.409 .098
Yew? Ll i 0 000 -.449 449
s Tl 6.103 -10.518 4,415
e L 0 .821 -e25U -.581
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Although as indicated previously 2-dimensional Pattersons were used
for a start on the structure, 3-dimensional Pattersons and 3-dimensional
Fouriers gave a great deal more assistance in working out the details of
the structure. For purposes of illustrating the relative positions of the
atoms, we have included a 2-dimensional h0/ neutron Fourier, since in this
projection the overlap is not too objectionable. This projection as shown in
Figure 7 shows the nitrogens to be the heavy scatterers, although all atoms
with a positive neutron scattering amplitude show up reasonably strong and
the hydrogens with a negative scattering amplitude are also evident. After
the determination of crystal structure was quite far along, X-ray zone data
was gathered by use of a small spherically shaped crystal on a single-
crystal orienter. MoKa radiation was used to obtain peak intensities of
126 (h0£) reflections, which were converted to F,ps values in the usual way,
and the X-ray (h0f) Fourier map shown in Figure 8 was calculated. Although
it is not claimed that these are the best possible X-ray intensity data ob-
tainable, they do indeed show, as expected, the relatively low intensities
scattered from all the light atoms in comparison with the heavy Ru atom.

Figure 9, which is a section of the h0/4 3-dimensional Fourier at
y = 0, serves two purposes, namely, it illustrates the typical sharp, well-
defined 3-dimensional Fourier peaks obtained at all levels, and also shows
graphically the relative position of HO-Ru-NO groups. It will be recalled
that their location, especially the Ru-NO bonding, was indicated as a rea-
son for pursuing this investigation.

As indicated above, the refinement was carried out by successive
Fy and F_. syntheses; therefore, we have included a comparison in Table VI
of the atom locations based on the two Fouriers together with the least-
squares results. The location of the peaks and their heights was obtained
by the use of a computer program. 16) It can be noted that there was rea-
sonably good agreement between the three results, with the H, and H,
atoms of the water molecule showing the greatest difference.

We were concerned about the effect of having left out the 301 re-
flections; therefore, we ran a Fourier using the F_ ;1. values with and
without these reflections. The results showing coordinates and peak heights
are summarized in Table VII. A slight difference can be noted in some

coordinates, especially H; and H, atoms, but in general the agreement is
quite good.
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Fig. 8. X-ray Fourier Showing Atom Positions on a
2-dimensional h0f Projection
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Fig. 9. Section of h0f 3-dimensional Neutron Fourier at y = 0 Showing the Relative Location of HO-Ru=-NO Groups
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COMPARISON OF THE ATOM LOCATIONS BASED ON
AND THE LEAST-SQUARES RESULTS FROM T

Table YI

43

FOURIER, Fops FOURIER,

C REFLECTIONS

" Unit Cell Coordinates Peak n Unit Cell Coordinates Peak
fom i Height
X v = Height % y z g
*1- 0.0407 0 0.8662 1054 *1- 0519 0 03116 23
H 2- 0.0403 0 0.8658 1048 0; 2- 05199 0 0.3124 2208
3- 0.0454 0 0.8607 3- 0.5201 0 0.3086
1- 0.4847 0.2813 0.1739 756 1- 0.12% 0.1088 0.1452 1964
Hy 2- 0.4828 0.2787 0.1730 702 03 2- 0.12% 0.1081 0.1467 1977
3- 0.48711 0.2939 0.1806 3- 0.1288 0.1104 0.1402
1- 0.4552 0.2211 0.2714 02 1- 0.3149 0.1460 0.3040 2138
Hy 2- 0.4538 0.2225 0.2584 648 04 2- 03158 0.1463 0.3048 2061
3- 0.4610 0.2189 0.2754 3- 0.3146 0.1472 0.3022
1- 0.2608 0 0.0027 5636 1- 0.209%8 0.1105 0.6373 2687
Ru 2- 0.2608 0.0027 5575 05 2- 0.2100 0.1106 0.6370 2660
3- 0.2619 0 0.0032 3- 02118 0.1116 0.6380
1- 0.4212 0 0.1916 6058 1- 0.3644 0.1566 0.9122 1623
Ny 2- 0.4210 0 0.1911 6018 0Og 2- 0.3622 0.1591 0.9121 1586
3- 0.4205 0 0.1906 3- 0.3675 0.1559 0.9143
1- 0.2305 0.1007 0.1720 6188 1- 0.0110 0.2321 0.3022 239
N 2- 0.2298 0.1011 0.1704 6055 0; 2- 0.0118 0.2319 0.3033 2466
3- 0.2313 0.1002 0.1716 3- 0.0106 0.2307 0.2999
1- 0.2834 0.1024 0.8217 6522 =0l 0.1106 0.5000 1930
N3 2- 0.2835 0.1024 0.8278 6390 Nay - 0 0.1109 0.5000 1948
3- 0.2839 0.1024 0.8284 3 0 0.1089 0.5000
1- 0.0859 0 0.7918 3945 1- 0.2500 0.2500 0.5000 1525
0y 2- 0.0857 0 0.7918 3866 Nap 2- 0.2500 0.2500 0.5000 1472
3- 0.0877 0 0.7907 3- 0.2500 0.2500 0.5000
* Note: 1 - Results from Fea)c Fourier.
2 - Results from Fops Fourier.
3 - Results from last least-squares cycle based on BC reflections.
Table YII
EFFECT OF THE MISSING REFLECTIONS AS INDICATED BY A COMPARISON OF ATOM LOCATIONS
BASED ON AN Fea)c FOURIER WITH AND WITHOUT THESE REFLECTIONS
Unit Cell Coordinates Peak Unit Cell Coordinates Peak
g Height M Height
X y 2 9 X y z 9
*1- 00554 0 0.8575 T *1- 0,523 0 0.3088 2670
H 2- 0.0406 0 0.8634 1127 0, 2- 0.5207 0 0.3117 2262
3- 0.0449 0 0.8606 3- 0.5210 0 0.3094
1- 05083 0.2909 0.1841 685 1- 01303 0.1098 0.1430 2467
Hp 2- 0.4884 0.2781 0.1840 858 03 2- 0.1298 0.1084 0.1465 234
3- 0.5086 0.2920 0.1811 3- 0.1288 0.1094 0.1420
1- 0.4653 0.2201 02121 93 1- 03132 0.1472 0.3002 2769
H3 2- 0.4668 0.2200 0.2679 6% 0g 2- 03133 0.1465 0.3012 2243
3- 0.4631 0.219% 0.2675 3- 0.3146 0.1474 0.3020
1- 0.2625 0 0.0039 6829 1- 0.2131 0.1115 0.6406 3092
Ru 2- 0.2618 0 0.0034 5947 05 2- 0.2104 0.1113 0.6393 a3
3- 0.2623 0 0.0037 3- 0.2123 0.1118 0.6391
1- 0.4134 0 0.209% 4622 1- 0.3663 0.1552 0.9129 2029
N 2- 0.4210 0 0.2011 6100 (V3 2- 0.3647 0.1558 0.9109 1667
3- 0.4197 0 0.1892 3- 0.3685 0.1552 0.9149
1- 0.2306 0.1005 0.1716 6866 1- 0.0116 0.2302 0.3010 2781
N 2- 0.2302 0.1005 0.1718 6254 0; 2- 0.0110 0.2309 0.3023 255
3- 0.2311 0.1002 0.1714 3- 0.0120 0.2304 0.3016
1- 0.2165 0.3973 0.1731 7159 1= 0.1091 0.5000 2103
Ny 2- 0.2168 0.3972 0.1729 6563 Nay ) 0.1091 0.5000 1923
3- 0.2165 0.3977 0.1723 3=l 0.1097 0.5000
1- 0.0866 0 0.7904 4621 1- 0.2500 0.2500 0.5000 1611
0 2- 0.0857 0 0.7910 4088 Nap 2- 0.2500 0.2500 0.5000 1469
3- 0.0875 0 0.7904 3- 0.2500 0.2500 0.5000

“Note: 1 - Results from Fcajc Fourier based on all reflections.

2 - Results from Fea). Fourier after removing missing reflections.

3 - Results from last least-squares cycle based on ABC reflections.




DISCUSSION OF THE STRUCTURE

Since there are eight general positions in CZ/m and only four mole-
cules per unit cell, the atoms are distributed over both special and general
positions. The ruthenium, nitrosyl,

& °°’ NO, and hydroxyl are in special positions
i a ’/’ NO, on the mirror plane; the sodiums oc-
cupy two sets of special positions,
Lo Sy one on a center of symmetry and one
//” ot e HO No on a two-fold axis; and the nitrito
e M. groups and waters are in general
positions. The relative locations of
oy be o 202 the Ru atoms within the unit cell are
= - = Nog shown in Figure 10, where it is evi-
31275 A G T31A dent that the Ru atoms are very close
by 1452 A B-121.2° to 1/4,0,0 and equivalent positions.

106-7082
The structure can be envi-

sioned as consisting mainly of 6-fold
coordination about three central
atoms, namely, the Ru, Na,;, and Na, forming three different kinds of octa-
hedra which include most of the atoms within the structure. These octa-
hedra form an interlocking chain throughout the structure, in which there
are common atoms or common edges shared between the octahedra, as
shown in Figures 11 and 12. Each of the three octahedra have relatively
the same orientation within the cell. Four atoms in each are arranged
around a central atom in a near coplanar square which is perpendicular or
nearly perpendicular to the mirror plane or parallel to the b axis. The

Fig. 10. Lattice Constants and Schematic Structure
of Nay [Ru(NOg),NO - OHJ 2Hy0

O0—
°
&
o

o T

f«——a, cos B ——|

® Ru @ Na, O Nap

106-7627 106-7628

Fig. 12. Octahedra Viewed Down

Fig. 11. Octahedra Viewed Down
the b Axis

the c Axis
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other two atoms involved in the 6-fold coordination group lie along a line
perpendicular or nearly perpendicular to this square plane and nearly
parallel to the mirror plane, thus forming the octahedra. In order to better
envisage this structure a model consisting of two complete unit cells

(100 atoms per unit cell) was constructed of small plastic balls positioned
on rods parallel to the "b" axis.

A. Configuration about the Ruthenium

Four nitrogens of the nitrito groups, the nitrogen of the nitrosyl,
and the oxygen of the hydroxyl form a 6-fold coordination about the ruthe-
nium (see Figure 13). The nitrito nitrogens
form a near square, which is coplanar and
nearly perpendicular to the mirror plane
with ruthenium in the center. Each Ru-N
bond forms a 45° angle with the mirror.
The NO and OH groups lie in the mirror,
trans with respect to the ruthenium, and the
N, of the nitrosyl and the O,; of the hydroxyl
are at the apices of the octahedron.

The distances from the central Ru
atom to its nearest neighbors are shown in
Table VIIIA1l. The two unique Ru to N of
the nitrito distances, Ru-N, and Ru-Nj, are
essentially equal, being 2.078 and 2.080 A
106-7630 respectively, which agree well with the sum

of Pauling's radii. The Ru to N of the
Fig. 13. Configuration about nitrosyl is much shorter, being 1.748 A

the Ruthenium Atom and the Ru-N-O bond is linear, since an
angle of 179.98° was found, suggestlng that
the electronic configuration is Ru = N = O: and that Ru - = O: makes

no contribution. This Ru-N distance of 1.748 A is cons1derably shorter than
the 1.85 A reported(5) for the Ru-N distance in K,[RuNO(OH)(NO,)4]. The
Ru to O of the hydroxyl is 1.950 A very close to the sum of Pauling's
octahedral covalent radii.

The very nearly square nature of the four nitrogens (2-N, and 2-Nj;)
about the Ru is indicated by the N,-N;, N3-N3 and N,-N; distances of 2.909,
2.972, and 2.937 A, respectively. A link connecting N; and O; makes an
angle of 90.33° with the plane of the square. The Ru octahedron contains
very little distortion as evidenced by the angle and distances indicated
above, and by the almost equal edge lengths from the apex atoms N; and
O, to the coplanar nitrogens N, and N3, as shown in Table VIIIA3, The
plane shown dashed in Figure 13 is parallel to the y axis and is rotated
12 counterclockw1se from the z axis. The N- O distance in the nitrosyl
1 SR A which is in good agreement with 1.1 A reported by Bokii, Ang-nu,
and Khodashova(5) for K,[RuNO(OH)(NO,)], but the angle of 179.98° is in



Table VIII

SOME INTER- AND INTRAMOLECULAR BOND
DISTANCES(!) AND ANGLES

A. Configuration about the Ruthenium

Number of
Distances Atom 1 Atom 2

1. Ru to closest neighbors (6-fold coordination)

1 Ru N,(NO)
2 Ru N,(NO,),
2 Ru N5(NO,)5
1 Ru 0,(0H)

2. Nitrogen "square" about Ru

1 N3(NO,), N3(NO,);
N,(NO,), N;3(NO,);3
1 N,(NO,), N,(NO,),
3. Ru octahedron edges
2 N,(NO) N2(NO),
2 N,(NO) N;3(NO,),
2 0,(0H) N,(NO,),
2 0,(0H) N;3(NO,),
4, Vicinity of the Ru octahedron
1 N,(NO) 0,(NO)
2 N,(NO,), 05(NO,),
2 N,(NO,), 04(NO,),
2 N;3(NO,); 05(NO,)s
2 N;(NO,); 04(NO,);
1 H,(OH) 0,(0H)
5. Angles - Ru octahedron
Atom 1 Atom 2 Atom 3
Ru N,;(NO) 0,(NO)
Ru 0,(0H) H,(OH)
N,(NO) Ru 0,(0H)
05(NO,) N,(NO,) 04(NO,)
O5(NO) N;3(NO,) 04(NO,)
N,(NO,) Ru N,(NO,)
(

o
Distance, A

—_ NN
© oo
o ® 3

[ SSRGS AU o8]
o]
w
—
—
'S
e

o) e | e
- ™

o

=3

038N (0) =

Angle, deg

179.98 (55)
108.15 (67)
178.68 (26)
120.12 (37)
118.26 (37)
88.88 (17)
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Table VIII (Contd.)

Atom 1 Atom 2 Atom 3 Angle, deg
N,(NO,) Ru N,(NO,) 89.88 (8)

N;(NO3,) Ru N;(NO,) Jiliee (L)
N,(NO) Ru N,(NO,) 91,75 (15)
0,(0H) Ru N,(NO,) 89.24 (15)

B. Configuration about the Sodium-1

Number of
Distances Atom 1 Atom 2 Distance, A

o

Na, to closest neighbors (6-fold coordination)

2 Na, 04(NO,), 2.505 (4)
2 Nal 05(NOZ)3 2.413 (4)
2 Na, 0,(H,0) 2.613 (6)
Oxygen "square" about Na,
2 04(NO,), 05(NO,); 3,392 (7}
7 04(NO,), 05(NO,);3 3.562 (8)
Na; octahedron edges
2 0,(H,0) 04(NO3,), 3.140 (7)
2 0,(H,0) 04(NO,), 4.043 (7)
2 0,(H,0) 05(NO,); 3.014 (6)
2 0,(H,0) 05(NO,); 3.552 (8)
Vicinity of the Na; octahedron
2 Na, 03(NO3,), 3.049 (5)
2 Na, 0(NO3,); 2.957 (6)
C. Configuration about the Sodium-2
Na, to closest neighbors (6-fold coordination)
2 Na, 0,(0OH) 2.430 (7)
2 Na, 0,(H,0) 2.335 (8)
2 Na, : 05(NO,)s 2.345 (5)
Oxygen "square" about Na,
1 0,(0OH) 0,(0OH) 3.669 (8)
2 0,(0H) 0,(H,0) 3.518 (6)
1 0.(H,0) 0,(H,0) 3.088 (9)



Table VIII (Contd.)

3. Na, octahedron edges

Atom 1 Atom 2 Distance, Z\
05(NO,);5 0,(H0) 3.014 (6)
05(NO,), 0,(H,0) 3.552 (8)
05(NO,); 0,(0H) 2.875 (6)
05(NO,); 0,(0H) 3.839 (6)

D. Bond Distances and Angles between O-O
(Possible Hydrogen Bonding)

Atopn 1 Atom 2 Atom 3 1-3 Distance 1-2-3 Angle
0,(H,0) 0,(0H) 3.518 (6)
0,(H;0) 0,(NO) 3.916 (5)
0,(H,0) H,(H,) 05;(NO,) 2.919 (7) 139° ( 29°)
0,(H,0) H,(H,) 0;(NO,) 3.308 (9) et 63 )
0,(H,0) H,(H,) 04(NO,) 3.079 (7) 43° (145 )
0,(H,0) H,(H,) 04(NO,) 3.140 (7) 46° ( 81°)
0,(H,0) H,(H,) 05(NO,) 3.014 (6) 59° ( 63°)
0,(H,0) H,(H,;) 05(NO,) 3.552 (8) 782 ( 239)
07(H,0) H,(H,) 04(NO,) 2.972 (8) 103° (119°)
0,(H,0) H,(H,) 04(NOy) 3 ART(T) 96° ( 80°)
0,(H,0) 0,(H,0) 3.088 (9)
04(NO,) H, 0,(0OH) 2.842 (6) 135°
05(NO,) H, 0,(0H) 3.433 (7) iLil{of?
05(NO,) H, 0,(0H) 2.875 (6)
04(NO,) 0,(NO,) 2.838 (10)
04(NO,) 054(NO,) 3.175 (14)
0,(NO)
E. H,O Distances and Angle
Atom 1 Atom 2 Atom 3 Distance Angle
H, 07(H;0) 0.929 (16)
1.061 (19)*
1.185 (18)**
H, 0,(H,0) 0.911 (14)
1.000 (15)*
1.130 (14)**
H,(H,0) H;(H,0) 1.500 (26)
H, ) Hy 1109, 301708

*Assumed that H rides on O.
**¥Assumed that the H and O move independently.
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disagreement with their reported value of ~170°. The Ru-O;-H; angle is
108.15° and the O-H distance is 0.921 A as calculated with parameters
averaged over temperature motion. A 0.974 A distance is found if the hy-
drogen is assumed to ride on the oxygen and a 1.038 A distance if the two
atoms are assumed to move independently. The O;-Ru-N,; angle is 178.68°.
The N-O distances and angles of the nitrito groups are in good agreement
with accepted values, with the following distances obtained for the four
unique N-O bonds: 1.213, 1.212, 1.211, and 1.207 A. The two O-N-O angles
el 0N n d SIS N2 o8

B. Configuration about the Sodium-1

The 6-fold coordination about the Na; consists of 6 oxygen atoms,

four from NO, groups and two from water molecules, as shown in Figure 14.

The four oxygens of the NO, groups

are coplanar and are arranged in

a parallelogram with the Na, at the

center, since the Na,; is at a center

of symmetry. This parallelogram,

shown dashed, is tilted approxi-
0 mately 1.1° from the y axis and is
@ rotated approximately 19.7° counter-
clockwise from the z axis. Oxygens
from each of two water molecules
are at the apices of the octahedron,
which has approximately the same
relative orientation as the Ru octa-
hedron described above.

26137

106-7629-A

The distances from the cen-
tral Na; atom to its nearest oxygen
neighbgrs are as followos: 2 at
20.413 A and 2 at 2.505 A from the
two different NO, groups; and 2 at 2.613 A forom the waters. The average
Na-O distance of the above, namely, 2.510 A, is within the 2.25-2.78 A
range reported(1?) for 6-fold coordination from 16 previous determinations
and only slightly higher than the 2.44 A average reported for these same
compounds.

Fig. 14. Configuration about the
Sodium-1 Atom

The two sets of O-O distaglces along the edges of the distorted
square, namely, 3.392 and 3.562 A, indicate the extent of the distortion to
a parallelogram. A line through O;-Na;-O; forms an angle of approximately
68° to the parallelogram and is tilted approximately 6.3° from the ac face.,
The distortion of the octahedron is evident by the different edge lengths

from the apex atoms, O, to the coplanar oxygen atoms, O4 and O;, as
shown in Table VIIIB3.
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It is also interesting to note that there are four other oxygen atoms
X o
fairly close to the Na;. These are two O3 (NO,) at 3.049 & and two 04(NO,)
at 2.957 A which are not a part of the three basic octahedra - Ru, Na,, or

Na,. Further comments will be made about these later.

C. Configuration about the Sodium-2

The 6-fold coordination about the Na, consists of six oxygen atoms:
two from hydroxyls, two from nitritos, and two from waters, as shown in
Figure 15. Two oxygens from
hydroxyls and two from waters are
arranged in a greatly distorted
square about a nearly central Na,
atom. Because the Na, is on a two-
fold axis it is not required to be at
the center of this square. Two Og
from nitritos are at the apices of
the octahedron.

The distances from the cen-
tral Na, atom to its nearest oxygen
neighbors are as follows: two O,
(OH) at 2.430 A; two O,(H,0) at

38890 2.335 &; two O5(NO,) at 2.345 A,
Fig. 15. Configuration about the The average distance, 2.370 A, is
Sodium-2 Atom somewhat lower than the average

2.510 & found for the Na,; octahedron
above and also is even lower than the average 2.44 A reported(”) previously
for the 16 compounds. However, the average of all 12 Na-O distances is,
coincidentally, 2.44 A.

In the case of the Na, octahedron the two O,'s (OH) and two Oq's (H,0)
form a greatly distorted square as indicated by the sides of 3.669 A, 2 of
3.518 A, and 3.088 A. The plane of this square is also greatly twisted as
indic%ted by the fact that the O; and O, atoms lie approximately 0.46 A and
0.51 A, respectively, from the least-squares plane containing the O;, O,
and Na, atoms. The normal of this plane makes an angle of 7.5° with the
line joining the O;-Os and is parallel to the ac plane. The least-squares
plane is rotated 13.5° counterclockwise from the z axis. The skewed na-
ture of this Na, octahedron is also evci,dent from the variation of the edge
lengths, ranging from 2.875 to 3.552 A as shown in Table VIIIC3.

D. General Features of the Structure

It is interesting to examine the structure of this compound on the
basis of the octahedron-octahedron linkage as shown in Figures 11 and 12.
The Ru octahedra are linked to the Na, octahedra through a common O,
atom; the Na,; octahedra are linked to Na, octahedra by a common edge
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formed by Os-O; atoms; the Na, octahedrons are linked to other Na, octa-
hedrons by a common edge of O,-O,. This arrangement leaves all octa-
hedra interconnected. The only atoms not included in these octahedra are:
H,(OH), 0,(NO), H, and H;(H,0), and O3 and O¢(NO,).

Each Ru octahedron may also be viewed as being surrounded and
separated from other Ru octahedra by sheets of Na atoms and H;O mole-
cules as follows:

(1) a sheet parallel to the (001) plane at z = 1/2 contains only
Na, and Na, atoms;

(2) sheets parallel to the (010) plane at y = 1/4 and 3/4 contain
Na, atoms and O; atoms of the water molecules, and

(3) sheets parallel to the (100) plane at x = 0 and 1/2 contain
Na, and O; atoms of the water molecules.

Thus, it seems reasonable that the structure could indeed physically fall
apart, as it did under low humidity conditions, if water is removed and the
Na-O bonds are broken.

It is also of interest to determine the possible role of hydrogen
bonding in the structure. In Table VIIID the various O-O distances are
given that might be involved in hydrogen bonding. All of the O;(H,0)-O
distances appear to be rather large, although several fall within the range
from 2.49 to 3.15 A reported 18) for 16 different inorganic salts containing
water. The shortest O;(H,0)-O distances are observed with the O3 and Oy,
which have distances of 2.919 and 2.972 ng, respectively. These are the
two oxygens which, as described before, are not involved with the 6-fold
coordination about Na; or Na,, and hence might be involved in a weak hy-
drogen bond. A hydrogen bond might be involved between 0O7-H,-03, which
has an angle of 139° and a distance of 2.919 A and O;-H;-Og¢, which has an
angle of 119° and a distance of 2.972 A. These angles, however, are rather
small in terms of an average of 167° found for 15 compounds as recently
reported. (19) Perhaps even more probable is an O3;-H,;-O, hydrogen bond,
which involves a slightly closer distance, 2.842 A and an angle of 135°.
The relative different environment between the O; and Oy as shown above
may indeed make the NO, groups about the Ru somewhat different: 2-NO,
groups involving O3 and 2-NO, involving Oy.

The various distances observed in the water mglecule are sum-
marized in Table VIIIE. Distances of 0.929 and 0.911 A were observed for
O-H bonds of the two hydrogens calculated with parameters averaged over
temperature motion. These distances increased to 1.061 and 1.000 A if it
was assumed that the H rides on the O and somewhat greater distances
if the H and O move independently. The H-O-H angle is 109.3°. Both



distances and angle agree favorably with other recent results(20) in which
a value of approximately 1.0 A for the O-H distance was observed and an
angle of approximately 110°.

Calculations have also been made for the RMS radial thermal dis-
placement and the RMS component along each principal axis. The results
are shown in Table IX. The hydrogens, as might be expected, have large
radial displacements, that of the water hydrogens being greater than that
of the hydroxyl hydrogens. The Oj3's and Og4's appear to have the largest
displacements among the oxygens, which may be attributed to the fact that,
as explained previously, these two oxygens seem to participate less in the
structural bonding. The Na;, which is located in the octahedron having the
longest Na-O bonds, also has a large displacement. The heavy atom Ru
has the smallest displacement and is essentially isotropic. The RMS ra-
dial thermal displacements are in agreement with the peak heights, listed
in Table VI, of the Fops Fourier map. Thus, among atoms of a given kind,
the ones having the smallest displacements have the largest peak heights.

Table IX

RMS RADIAL THERMAL DISPLACEMENT AND THE RMS
COMPONENT ALONG EACH PRINCIPAL AXIS

RMS Radial, RMS Component along the
ey Three Principal Axes, A
H,(OH) 0,425 (11) 0.150 (11) 0.203 (10) 0.342 (15)
H,(H,0) 0.647 (17) 0.216 (14) 0.393 (21) 0.467 (24)
H,(H,0) 0.575 (13) 0.195 (12) 0.361 (16) 0.403 (17)
Ru 0,255, (3) 0.143 (4) 0.149 (4) 0.149 (5)
N,(NO) 0.305 (3) 0.154 (4) 0.180 (3) 0.191 (4)
N,(NO,) OS2 8(2) 0.145 (3) 0.186 (3) 0.204 (3)
N;(NO,) 0.301 (2) 0.146 (3) 0,184 (2) 0.187 (3)
0,(0H) 0.289 (4) 0.153 (6) 0.162 (6) 0.185 (6)
0,(NO) 0.416 (6) 0.155 (7) 0.270 (8) 0.276 (8)
0,(NO,) 0.439 (5) 0.158 (6) 0.244 (5) 0.329 (7)
04(NO,) 0.407 (4) 0.161 (5) 0.230 (5) 0.294 (6)
05(NO,) 0.389 (4) 0815 18(5) 0, 2124(5) 0.290 (6)
04(NO3,) 0.517 (8) 0.156 (6) 0.214 (6) 0.443 (10)
0,(H,0) 0.400 (4) 0.180 (5) 0.214 (5) 0.285 (6)
Na, 0.434 (12) 0.162 (12) 0.179 (11) 0.360 (15)
Na, 0.358 (8) 0.167 (10) 0.176 (10) 0.264 (11)
Av. 0.404 0.162 0.222 0.291
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